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I. INTRODUCTION
In recent decades, spectroscopic investigations of heteronuclear alkali diatomic molecules such as LiCs, NaCs, KRb, KCs, and RbCs [1] [2] [3] [4] [5] [6] [7] have been carried out to support the production and study of these species at ultracold temperatures. These dipolar molecules have important applications such as quantum degenerate gases, quantum computation, novel quantum phases, and chemical reaction control at the quantum-state level. Much progress has been made towards the production of dense samples of cold and ultracold heteronuclear molecules in their absolute ground state. 5 One crucial requirement for these techniques is to identify the most suitable optical transitions for preparation of the lowest vibrational level of the ground state. This requires a precise knowledge of the molecular spectra, which are congested by the many excited electronic states involved and the couplings among them, as well as by hyperfine structure.
Since Ross et al. 8 first reported high-resolution spectroscopic information on the ground state of KRb, its visible and near infrared spectrum 3, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] has become the best understood of the heteronuclear alkali dimers, partially because highly accurate ab initio calculations 24, 25 of the electronic states are also available.
The KRb heteronuclear diatomic molecule has large spinorbit interactions at the first four excited K(4s) + Rb(5p 1/2, 3/2 ) and K(4p 1/2, 3/2 ) + Rb(5s) asymptotic limits. These limits cor- (5(0 + ), 4(0 − ), 6(1), and 2(2))]. These states lead to complicated spectra, particularly given the global perturbations among them due to the large spin-orbit interactions, especially for the Rb atom. Assigning the observed molecular transitions in these congested spectra poses considerable challenges.
These states have potential well depths between 400 and 7000 cm −1 , and some of them have not been systematically studied. Also, for the states with a deep potential well, it is not always possible to investigate the entire potential because of the limited range of the Franck-Condon (FC) windows for excitation. Thus, it is worthwhile to combine several experimental methods to more completely study the full range of the potentials. 3, 26 High-resolution spectroscopic information on the ground and excited electronic states of KRb has been accumulated using KRb molecules formed in a heat-pipe oven, 8, 10, 12, 13, 15, 16, 27, 28 in a supersonic molecular beam (MB), 3, [18] [19] [20] [21] [22] in photoassociation (PA) of ultracold atoms, 11 and in the spectra of ultracold molecules (UMs) 3, 9, 17, 23 formed from the radiative decay of levels formed by PA. While the first two approaches provide information primarily at short range near the equilibrium distance of the ground state, the latter two provide information primarily at long range, but with some overlap at intermediate range.
We have published detailed reviews of the previously observed electronic states of KRb (A 3 These UM− spectra have also been used to determine optimal paths for stimulated Raman adiabatic passage to populate the lowest rovibrational level in the X state from a specific rovibrational level in the a state. 29 Here we combine these prior results, which we label MB and UM− with a new UM experiment, labeled UM+. In the UM+ experiment, PA is used to form a specific rovibrational level of the 3(0 + ) state instead of the 3(0 − ) state. It is the combination of these three experiments, which we will examine in this manuscript. Note that both here and in our prior work, we assume the absence of collisions which might interconvert the three components at the ground-state dissociation limit, in accordance with our experimental conditions. We have explored the UM+, UM−, and MB excitation spectra in the energy region between 14 890 cm −1 and 16 300 cm −1 above the minimum of the ground X 1 + state. We have newly assigned many high vibrational levels of the A 1 + and 3 1 + states using these three spectra.
The A 1 + and 3 1 + states are absent in the UM− spectra, and we explain this in Sec. III C by considering Hund's case (c) selection rules and transition dipole moment (TDM) calculations of Kotochigova et al. 31 between the upper excited A 1 + (2(0 + )) state and the three components at the ground-state dissociation limit.
As shown in Fig. 1 , the FC windows in the MB and UM experiments are quite different. In the MB experiments, the window is narrowly localized near the equilibrium internuclear distance of the ground-state potential. However, in the UM experiments, the windows are broad, especially for levels near the dissociation limit. To investigate the behavior of the entire potential up to the dissociation limit, combined spectroscopic investigations using multiple methods are required. This has been accomplished for the K 2 molecule, where shortrange laser-induced fluorescence spectra and long-range PA spectra in the 1 g ∼ 1 1 g state were combined. 26 Here we propose similar investigations of the extended potential well of the A tra from MB experiments and long-range spectra from UM experiments.
II. EXPERIMENTS
In our 39 K 85 Rb spectra, there is a natural energy reference for PA and UM spectroscopy, which is the energy of the two ground-state atoms (the molecular ground-state dissociation limit) as zero energy in our experiment. However, for comparison to the MB spectra we add the UM+ and UM− laser excitation energies to the energies (relative to the minimum of the ground-state potential) of the lower levels of the excitation,
, respectively. Therefore, we report all energy level positions relative to the minimum of the X 1 + potential energy curve. The natural energy references for MB experiments are the v = 0, J = 0 level of the X 1 + ground electronic state, and the energy of the minimum of the X 1 + potential energy curve, either of which could be taken as zero energy. These energy references are below the ground-state dissociation limit by D 0 = 4179.958 ± 0.003 cm −1 and D e = 4217.822 ± 0.003 cm −1 , respectively, which differ by the zero point energy (37.864 cm −1 ), as discussed in Ref. 9 . Here we add 37.864 cm −1 to the laser excitation energies of the MB spectra so that upper level energies are again referenced to the minimum of the ground X state potential.
The hyperfine levels of the ground-state atoms vary in energy, so we take the "center of gravity" of the hyperfine levels as zero in defining the ground-state dissociation limit. In 39 K 85 Rb, the lowest hyperfine asymptote is 0.069 cm −1 below the center of gravity. The X 1 + zero point level hyperfine splittings are too small to resolve in our experiments. It might also be noted that the UM+ and UM− spectra both originate from = 0 states that have very small hyperfine splittings. The observed widths in both the UM+ and UM− spectra are dominated by the rotational splitting between the J = 0 and 2 rotational levels, both of which are populated. Hence, we will not consider hyperfine structure here.
A. UM excitation spectrum
As described previously, 11 dark-SPOT magneto-optical traps (MOTs) of 39 K and 85 Rb are generated and overlapped at the center of a vacuum chamber pumped by an ion pump. Densities of 3 × 10 10 cm −3 and 1 × 10 11 cm −3 and temperatures of 300 μK and 100 μK are obtained for the 39 K and 85 Rb MOTs, respectively. A continuous-wave Ti:sapphire laser (∼1 W power and ∼1 MHz frequency jitter) is used to photoassociate atoms into molecular states below the K (4s) + Rb (5p 1/2 ) asymptote. One specific vibrational level from each of the 3(0 − ) and 3(0 + ) states, with J = 1, is chosen for formation by PA. These levels decay radiatively to the J = 0 and 2 levels of highly excited vibrational levels of the X A pulsed dye laser with 0.2 cm −1 linewidth, 5 ns pulse width, 10 Hz repetition rate, and a few mJ pulse energy is used to excite UM spectra from the high-v levels of the X and a states. The spectra are observed using two-color resonanceenhanced two-photon ionization (RE2PI) by introducing an additional pulsed laser, a frequency-doubled Nd:YAG laser at 532 nm. states assigned previously (including the weak v = 1 "hot bands" marked by the symbol (*) in Fig. 2 ), 3 only one regular vibrational progression with very weak signal intensities in the MB experiment remains unassigned. The vibrational spacing of this progression (∼39 cm 3 + electronic states at ∼6.4 Å, visible in Fig. 1 . Further investigation will be needed to understand these unassigned perturbed spectra.
B. The UM spectra
We used two different PA levels (one 3(0 + ) and one 3(0 − )) to obtain UM spectra (UM+ and UM−, respectively).
Both of the UM spectra have only vibrational resolution, but only low J components are involved because only the J = 1 levels of the 3(0 + ) and 3(0 − ) states are initially excited by PA. These two levels have different symmetries, so their selection rules are different. Radiative decay from the 3(0 − ) level can occur only to the a state because of the symmetry selection rules. 33 However, the 3(0 + ) level decays to both the X and a states. More specifically, in the UM+ spectra, X(v = 87-90) and a(v a = 19−23) are populated from the decay of the 3(0 + ) PA level, while in the UM− spectra, only a(v a = 20 and 21) are populated. Also the A and 3 1 + states are observed differently: they are absent in the UM− spectra, but present in the UM+ spectra, as we discuss in Sec. III C. For all of these reasons, the UM+ spectra from high-lying vibrational levels of the X and a states are more complicated than the UM− spectra. Thus, initially it was not easy to assign them.
However, by a stepwise process we have been able to assign all possible levels of the A 1 + , 3 states by combining the strong transitions in the MB and UM− spectra from high-lying vibrational levels of the a 3 + state. 3 In the MB experiment, as explained in Sec. III A, we first assign weak transitions to lower vibrational levels of the 3 1 + state. We then extend the vibrational assignments of that state to higher vibrational levels by using the UM+ spectra, which include excitation from the higher vibrational levels of the X and a states. Finally, we assign the A 1 + state to the transitions which still remain unassigned, confirming the identifications by comparing the spectra from the X 1 + and a 3 + vibrational levels. The energies of the assigned A 1 + levels are close to theoretical predictions in the supplementary material. 37 states from high vibrational levels of the a state, formed by decay from a specific PA level of the 3(0 − ) state, are shown in Fig. 3(a) . The assigned vibrational levels of the electronic states are from v a = 21 (and 20) of the a state.
Newly assigned UM+ spectra of the A 1 + , 3 1 + , 1 1 , 2 3 + , and b 3 states, starting in high vibrational levels of the a and X states, are shown in Fig. 3(b) . All assigned electronic states which match well with assigned vibrational levels in Figs. 3(a) and 3(c) are marked by the symbol (o) in Fig. 3(b) . The assigned vibrational levels of the initial electronic states include the v = 89 level of the X state and states from the MB experiment are shown. The energy positions of the assigned vibrational levels of the 3 1 + state in the MB spectra match well with the assigned levels of that state in the UM+ spectra. The supplementary material 37 shows tables of vibrational number assignments and term energies for the A and 3 1 + states, made by comparing the energies from theoretical calculations 24 with the assigned MB, UM+, and UM− experimental energies.
The G v +1/2 values of the A and 3 1 + states are shown in Fig. 4 as a function of energy, where zero energy is referred to the minimum of the ground-state potential. The G v +1/2 values of the A 1 + state are intermittently observed due to the distribution of FCFs. They are more irregular than those of the 3 1 + state due to the perturbations, and also smaller in the energy region above 15 618 cm −1 . It is characteristic of ion-pair states such as 3 1 + for the intervals G v +1/2 to initially increase with energy, then pass through a maximum before decreasing as for a covalent potential. The 3 1 + state dissociates adiabatically to the K(4p 1/2 ) + Rb(5s) limit. 16 are marked by the symbol ( ). The G v +1/2 plot for the 3 1 + state has a maximum in the lower energy region reflecting the ion-pair character of the potential. Note that the 3 1 + state is less perturbed than the A 1 + state, as indicated by its more regular G v +1/2 spacings. At the high-v limit, 3 1 + and 4(0 + ) states have 9 and 6 quasibound levels, respectively. The last levels of the 3 1 + and 4(0 + ) states are the only ones which predominantly predissociate by tunneling rather than radiate, with very short estimated theoretical lifetimes of 1.0 × 10 −10 s and 3.9 × 10 −12 s, respectively.
lie far above the 3 1 + state in our experimental energy region, also dissociate to the excited K dissociation limits as shown in Fig. 1 . However, the A state dissociates to the K(4s) + Rb(5p 1/2 ) limit and is perturbed strongly by nearby electronic states such as 1 1 , 2 3 + , and b 3 due to the spinorbit interaction. Thus, we expect the 3 1 + state to be perturbed less strongly by these states, accounting for its more regular vibrational progression compared to the A 1 + state.
C. Selection rules and TDMs
As already mentioned, the previously reported UM− spectra 3, 29 did not show transitions to the A As shown in Fig. 5 , the asymptotic limit of the 3 1 + state (K(4p 1/2 ) + Rb(5s)) is above the dissociation limits K(4s) + Rb(5p 1/2 ) and K(4s) + Rb(5p 3/2 ). Other asymptotes for other states are described in another paper. 34 Possible full characterization of the potential curves, predissociation, and the dissociation limits with UM+, UM−, and MB spectra up to the dissociation limit would extend our knowledge of this molecule. There are several reasons to carry out these long-range investigations. First, predissociation due to the potential crossings near the dissociation limit may show interesting behavior. The vibrational levels of the 3 1 + state above the K(4s) + Rb(5p 1/2 ) limit may be predissociated. 34, 35 Second, it is interesting to explore the boundary between the Hund's case (a) and Hund's case (c) behavior of various levels. According to Kotochigova et al., 31 abrupt boundaries between Hund's case (a) and Hund's case (c) are evident in the TDMs with respect to internuclear distance.
Conventional methods such as heat-pipe ovens and supersonic molecular beams prepare populations near the equilibrium point of the potential wells so that it is not easy to access the long-range levels, although there are several exceptions if one has access to very sensitive observation methods. 36 The UM and PA methods give us wide access to the excited states in the long-range region, so that the combination of the two methods can provide the full potential of a state. UM spectroscopy can also be connected to the levels observed by PA very near the dissociation limit. The two datasets differ in FCFs between the initial and final states and in the different symmetries of the initial states. Combining rovibrational levels in the long-range region previously observed in PA spectra with those observed in these UM+ spectra can be readily carried out. 9 Figure 6(a) shows that there are broad FCF distributions up to vibrational levels of the A state near the dissociation limit, for transitions starting from the v = 90 level of the X 1 + state. For v = 92 in Fig. 6(b) , the strongest FCFs between the X and A states are above the K(4s) + Rb(5p 1/2 ) asymptote, so that vibrational levels above this limit may be predissociated and have wider linewidths compared to those below this limit. Because the 3(0 + ) level used in our present UM+ experiment mainly decays to v = 89 and 90, other higher-energy PA levels of the 3(0 + ) state should be used to preferentially populate to v = 92. For MB spectra, the FCF distribution between the X 1 + (v = 0) level and the vibrational levels of the A 1 + state is localized in low v vibrational levels so that high vibrational levels of the A 1 + state cannot be observed. FCFs between the X 1 + (v = 90) level and the vibrational levels of the 3 1 + state are even smaller than those between the X 1 + (v = 0) level and the vibrational levels of the 3 1 + state as shown in Fig. 6 (c), but these vibrational levels have already been observed up to v = 51 in the UM+ experiment. The highest rovibrational levels of the A and 3 1 + states near the dissociation limit should be observable.
At long range, the 2(0 + ), 2(0 − ), 2(1), 3(0 + ), 3(0 − ), 3(1), 4(1), 5(1), and 1(2) Hund's case (c) states have been studied by PA below the K(4s) + Rb(5p 1/2 ) asymptotic limit. However, the PA levels near the dissociation limit are congested and perturbed so that only preliminary assignments have been made and some high-lying levels have been left J. Chem. Phys. 137, 244301 (2012) unassigned. Moreover, exploring the energy region bluedetuned above the K(4s) + Rb(5p 1/2 ) asymptote should also be quite interesting, with many additional perturbations and predissociations. 35 
IV. CONCLUSIONS
We have observed the A and 3 1 + states of ultracold 39 K 85 Rb molecules in the energy region between 15 116 and 16 225 cm −1 above the minimum of the ground X 1 + state by using a combination of MB, UM−, and UM+ excitation spectra. Unexpectedly, many high vibrational levels (v = 24-51) of the 3 1 + state, with a small TDM from the X state, 32 have been observed. The observed energies of the v = 35 − 43 levels obtained from UM+ experiment match well with those observed from molecular beam experiments. This state, which dissociates adiabatically to the K(4p 1/2 ) + Rb(5s) asymptotic limit and is well below the observed energy region for other electronic states with the same dissociation limit or the next higher K(4p 3/2 ) + Rb(5s) limit, is weakly perturbed. In contrast, the A Recently we have reported that molecules formed by using the 3(0 − ) PA level (i.e., the UM− spectra) are not excited to the A and 3 1 + states in the same energy region. 3, 29 The contrast between UM− and UM+ spectra of the A and 3 1 + states has been explained by considering Hund's case (c) selection rules in conjunction with TDM calculations of Kotochigova et al. 31 between the upper excited A 1 + (2(0 + )) state and the three components at the ground-state dissociation limit.
We also propose future investigations of the entire potential wells of these states, including the long-range region, by combining short-range MB spectra with intermediate and long-range UM spectra and PA spectra. This investigation of high vibrational levels near the dissociation limit may also reveal interesting predissociations of the vibrational levels. Exploring the boundary between the Hund's case (a) and case (c) behavior of various levels should provide further understanding of Hund's case changes.
